ally occurs, but chromosome segregation is highly irregThe effects of san and deco mutations on mitosis were initially examined in larval brain squashes using ular. In cells mutant for either of these two genes, the Scc1 protein is delocalized from the centromeres of standard orcein staining techniques. Prometaphase the detached chromatids, reflecting an instability of the cells could be identified by the stereotypical arrangecohesin complex on the chromosomes. To our surprise, ment of chromosomes prior to their alignment at the both of these genes proved to encode putative acetylmetaphase plate [ such as colchicine, the chromosomes continue to conBecause the phenotype associated with the san 1 mudense and eventually, after prolonged incubation, overtation, but not the san 2 mutation, became more severe condense in the absence of division [25] . The absence when gene dosage was lowered by combination with a of anaphases in the brains of animals carrying the null deficiency for the locus, we regard san 1 as a strong san 2 mutation and the elevated mitotic index (the numhypomorphic allele and san 2 as a null mutation ( (Table 1) . apoptotic cell death observed in these genotypes (data not shown), which would decrease the mitotic index chromatin structures always contained centromeres, as they associated with the centromere-specific, CENP-A even if many cells are arrested in mitosis.
In larvae of all mutant genotypes excepting san 2 ho-H3-like protein CID (Figure 2 ). Their small size suggests that many of these entities are intact fourth chromomozygotes, some anaphases were still observed, many containing overcondensed chromatids consistent with somes. Second, chromosomes were less tightly arrayed at the metaphase plate in san and deco mutants than mitotic delay. In almost all of these anaphases, chromatid movements were highly aberrant (Figures 1J-1L ; Tain wild-type. Sister centromeres were correctly oriented toward the poles but were further apart than normal ble 1). Most of these mutant anaphases contained one or more lagging chromatids that failed to migrate toward Figure 1G) Sister Chromatid Separation in san and deco first intron of CG12352, while the null san 2 allele is the result of a P element insertion into the 5Ј-UTR of the gene. To identify other components of this complex, we performed immunoaffinity chromatography using a colabove suggesting that san 1 is a strong hypomorphic allele, while san 2 is a null mutation. umn of affinity-purified anti-San antibody covalently coupled to protein A-Agarose beads. This anti-San colThe intracellular localization of the San protein was studied using the affinity-purified antibody as an indirect umn was used to purify San and its associated proteins from embryo extracts ( Figure 7B ). After extensive washimmunofluoresence probe (Figures 6C and 6D) . During interphase in wild-type neuroblasts, San localizes to the ing in 100 mM KCl, proteins were successively eluted from the column, first with 1 M KCl, then with 1.5 M cytoplasm. During the entry into mitosis, San becomes distributed throughout the entire cell in a punctate patMgCl 2 , and finally with low pH (see Experimental Procedures). Many proteins were seen in the 1 M KCl eluate; tern. Cells stain uniformly for San from metaphase through telophase. These signals are greatly diminished most of these seemed to bind nonspecifically to IgG or the protein A-Agarose beads because they also apin the brains of san 1 homozygotes (Figures 6E and 6F ) and disappear in san 2 mutant larvae (data not shown). peared in eluates from a preimmune IgG control column (data not shown). In the subsequent 1.5 M MgCl 2 elution, To examine the possibility that San acts in a complex with other proteins, we probed Western blots of total two predominant protein bands were observed that was acetylated because the predicted N-terminal tryptic peptide (three amino acids) was too small for MALDI analysis.
Mutants Is Independent of Separase

The deco Gene Encodes the Drosophila
Homolog of Eco1p/Ctf7p
The deco 1 mutation was identified in a large-scale screen for ethylmethanesulfonate (EMS)-induced mutations on the Drosophila third chromosome that caused aberrations in larval brain mitoses. We looked for such defects in over 1500 mutant stocks preselected by the criterion that they die during late larval or pupal stages. We have identified deco as the gene CG8598. The strong deco 1 allele contains a nonsense mutation that shortens the Deco protein products. The weakly hypomorphic deco 2 allele (see Table 1 ) is caused by a P element insertion into the 5Ј-UTR of CG8598 (for details, see supplemental data).
Flybase [41] catalogs two alternative transcripts of CG8598. The larger of these transcripts, CG8598-RA, encodes a polypeptide of 1052 amino acids that contains at its C terminus the entire polypeptide of 535 amino acids encoded by the shorter CG8598-RB transcript. Much of the region shared by these two polypeptides is homologous to Eco1p/Ctf7p of S. cerevisiae and to S. pombe Eso1p and also contains motifs present in acetyltransferases [16] . Specifically, the C-terminal 225 amino acids of both Deco proteins are 24% identical to the entire length of Eco1p, including the conserved zinc finger and acetyltransferase domains. Almost all of What is the molecular basis for the discrimination between the sister chromatid linkages at the centromeres and deco mutants does not require separase ( Figure  5 ), implying that sister chromatids are never properly and those along the chromosome arms? Several recent studies indicate that in metazoan organisms, the dissoconnected in the mutants. Our observation that Scc1 localizes normally to the nucleus during interphase in lution of cohesin is regulated differently at these locations. The majority of cohesin is removed from the san and deco mutants (see supplemental data) further suggests that similar to yeast Eco1p, San and Deco are chromosomes during prophase/prometaphase in the so-called "prophase dissolution pathway" [19] . The reunlikely to be involved in the loading of cohesin onto chromosomes prior to S phase. maining pool of cohesin is found mainly, though not exclusively, at the centromeres and is cleaved at anaOur results indicate that mutations in san and deco primarily disrupt sister chromatid cohesion at the cenphase onset by the anaphase-promoting complex/ cyclosome (APC/C). We have demonstrated that the tromeres but have little or no effect on associations along sister chromatid arms. For example, in Figure 2 cohesin subunit Scc1 is delocalized from the centromere in san and deco mutants but that trace amounts it can be seen that the small chromosomes in the mutants are pulled precociously toward the poles, while remain on the arms (Figure 4 
this protein in promoting cohesion is not known, but
We observed many mutant anaphases in which Mei-S332 remains at the centromeres of all chromosomes it appears that Mei-S332 is required primarily for the maintenance of sister chromatid cohesion until anaand other anaphases in which anti-Mei-S332 only stains the centromeres of lagging chromosomes. The varied phase rather than for the establishment of cohesion during S phase. In support of this idea, Mei-S332 norbehavior of this protein in san and deco mutant anaphases might be explained if the mutant cells can enter mally associates with centromeres only during the interval between prometaphase and anaphase onset [34] .
anaphase when cyclin B levels are higher than would allow anaphase to begin in wild-type cells, because of We found that Mei-S332 is targeted normally to centromeres in san and deco mutants, even on precociously the defects in sister centromere cohesion. separated chromatids (Figure 4) . Thus, the centromeric binding of Mei-S332 is independent of san or deco activCell Cycle Progression in san and deco Mutants Although chromosome alignment is hindered in san and ity. Because cohesin does not accumulate at centromeres in san or deco mutant prometaphase/metaphase deco mutants, most chromosomes congress to a recognizable metaphase plate. The overcondensation of chrocells, one surprising inference of this finding is that the association of Mei-S332 with centromeres may also be matids in metaphase and anaphase figures from most mutant combinations, as well as the absence of anaindependent of centromeric cohesin. However, since trace amounts of cohesin remain on chromosomes in phases in the null san 2 allele, indicate that cells subsequently become subject to a mitotic delay or arrest. san and deco mutants, this possibility should be directly examined in cohesin-deficient cells [45] .
We believe that activation of the spindle checkpoint is responsible for this defect in cell cycle progression; The normal mechanisms controlling Mei-S332 delocalization from the centromere at the metaphase/anasimilar mitotic delays observed in cohesin-depleted vertebrate and Drosophila tissue culture cells have been phase transition are disrupted in san and deco mutants. findings will be generalizable to many eukaryotic species. The association of San with the Ard1 and Nat1
